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Abstract-- In this paper the control of 3-level shunt active 
power filter is proposed using frequency selective proportional 
plus multiple resonant controllers. The voltage source converter 
(VSC) is operated using ramp-comparison current control 
method. The method provides fixed switching frequency opera-
tion, and unipolar modulation of a control function yields three-
level PWM output. The resonant controllers are tuned near the 
harmonic frequencies to be compensated. The issues of compen-
sator ratings and loss calculations are addressed. The perform-
ance of the proposed shunt active power filter is illustrated 
through the compensation of a distribution system using 
PSCAD/EMTDC simulation package. 
Index Terms—3-level, active power filter, resonant-controller, 
unipolar modulation. 
I.  INTRODUCTION
ARMONIC selective controllers have been used recently 
for specific harmonic compensation of shunt active 
power filters [1]-[3]. The methods are based on PI controllers 
tuned at the frequencies to be compensated, known as reso-
nant controllers. The use of ramp-comparison current control 
method has been attempted for two-level current control of 
VSC’s, [4]-[5]. The method yields good dynamic performance 
with fixed switching frequency decided by the triangular car-
rier.
A shunt active power filter is a voltage source converter 
based device operated in a current control mode. It improves 
the quality of power by eliminating harmonic contents of the 
load. Additionally it can also mitigate the poor load power 
factor, and balances the source currents for unbalanced loads 
[5]-[7], [2]. 
In this paper the control of 3-level shunt active power filter 
is proposed using frequency selective proportional plus multi-
ple resonant controllers. The use of resonant controllers pro-
vides frequency selective harmonic compensation. The VSC 
is operated using ramp-comparison current control method. 
The method provides fixed switching frequency operation of 
semiconductor switches of the VSC’s. Additionally, unipolar 
modulation of control function provides three-level PWM 
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output [8]. This leads to shifting of spectrum of the PWM 
output to twice the switching frequency [9]. The resonant con-
trollers are tuned near harmonic frequencies. This compen-
sates the selected frequencies and improves total harmonic 
distortion (THD). Furthermore, a resonant action at funda-
mental frequency provides near unity power factor operation 
with balanced source currents. The compensator rating and 
converter power loss decreases significantly if active power 
filter is used for harmonic compensation only. It is shown that 
the overall performance of the shunt compensated distribution 
system can be predicted using linear analysis. The loss calcu-
lations are simplified due to fixed switching frequency opera-
tion of the converter. 
II.  CONVERTER MODULATION
Fig. 1 shows the block diagram of the complete modulation 
process of a converter. The current error err is obtained from 
reference shunt current ish ref and the actual shunt current ish
as, err = (ish ref – ish). The error is then fed to the proportional 
plus multiple resonant controller. The output of the controller, 
i.e., the control function Cerr is modulated by a three-level 
modulator to produce a control signal u. This signal provides 
switching commands to the switches of the H-bridge, to yield 
a three-level output voltage vo.
Fig. 1. Block diagram of the converter modulation.
A.  Three-level Inverter Output 
Three-level output is obtained using the H-bridge inverter 
as shown in Fig. 2. The voltage Vdc is the dc link voltage ap-
plied across the H-bridge. Each of the switches Sw1 to Sw4
consists of a power semiconductor device, i.e., IGBT and an 
anti-parallel diode. The control function Cerr is compared with 
the carrier vtri of frequency Ȧc and amplitude Vtri. Three-level 
output voltage vo. is obtained following the unipolar PWM of 
the control function as follows [8].  
For 1st leg of the H-bridge,
Condition 1.1 Cerr vtri > 0 then Sw1 is on, leading to 
uA  = +1 and vAO = + Vdc/2 
Condition 1.2 Cerr vtri < 0 then Sw4 is on, leading to 
uA  =  1 and vAO =  Vdc/2 
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Similarly for 2nd leg of the H-bridge,
Condition 2.1  Cerr vtri > 0 then Sw3 is on, leading to 
uB  = +1 and vBO = + Vdc/2 
Condition 2.2  Cerr vtri < 0 then Sw2 is on, leading to 
uB  = 1 and vBO =  Vdc/2 
where symbol ‘O’ is assumed to be the mid point of a dc 
voltage Vdc. Therefore the net voltage levels obtained for H-
bridge between points A and B are +Vdc, 0 and Vdc. This 
yields the three-level output vo.
Fig. 2. Three-level output using unipolar modulation. 
If the input to the modulator, i.e., a control function Cerr is 
assumed sinusoidal, i.e., MiVtricos(Zot), where Zo is the fun-
damental frequency and Mi is the modulation index under 
closed loop, then the analytical expression for three-level in-
verter output voltage vo is given as, [9], 
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where J2k -1(.) represents the Bessel’s function of the first kind 
of order k. It is clear from (1) that the sideband harmonics for 
three-level output of the inverter exists at the even multiples 
of the frequency of carrier Ȧc, i.e., the spectrum correspond-
ing to inverter switching lies at and above twice the switching 
frequency. Furthermore, neglecting the switching components 
in (1), the inverter output voltage is VdcMicos(Zot). Therefore 
the gain of the inverter G may be obtain as 
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B.  Three-phase Converter Topology 
Three-phase converter topology of active power filter used 
for medium voltage distribution system is shown in Fig. 3, [6], 
[7]. VSC-A, VSC-B and VSC-C represents the voltage source 
converters for phases-a, b and c respectively. VSC’s of each 
phase is supplied from a common dc-link voltage Vdc across a 
common capacitor Cdc. Transformer connected at the inverter 
output step up the voltage at the distribution level and also 
provides isolation for three phases. The common point of the 
three converters is connected to the source and load neutral. 
The output of each transformer is connected to the PCC of 
respective phase, through the interfacing inductance. 
Fig. 3. Three-phase VSC’s topology.
III.  CURRENT CONTROL
Fig. 4 shows a three-phase four-wire distribution system 
that is compensated by a shunt active power filter. The three-
phase load is supplied from a 3-phase voltage source vsk
through the feeder with the impedance of (Rsk, Lsk), where       
k = a,b,c for three-phase respectively. Active filter is repre-
sented by VSC’s in the shunt path with interfacing inductance 
Lshk, which is the sum of the leakage inductance of a trans-
former and an external interfacing shunt inductance. The re-
sistance Rshk represents the load dependent loss equivalent of a 
transformer. The voltage at the point of common coupling 
(PCC) is denoted by vtk. The currents flowing through the 
different branches at the PCC are the source current isk, the 
load current ilk, and the current injected in shunt branch ishk.
For a 3-phase, 4-wire configuration, the load neutral nl and the 
compensator neutral nsh are connected to the source neutral ns.
Fig. 4. Shunt compensation of three-phase four-wire distribution system.
A.  Compensator Model 
For the purpose of modeling current control loop, assume a 
constant dc link voltage Vdc across the common dc link ca-
pacitor Cdc. The differential equation for shunt active filter for 
phase-a is written as 
taoashasha
sha
sha vviRdt
di
L             (3) 
Taking Laplace transform on both the sides of (3), following 
equation in the s-domain is obtained as 
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Fig. 5 shows the block diagram of a current control loop of 
the compensator. The reference shunt current for phase-a is 
represented by ish refa. The controller transfer function is 
denoted by Gc(s). The block GM represents the modulator gain 
(2) and G(s) is the compensator transfer function obtained 
from (4) as 
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Fig. 5. Current control loop of the compensator. 
B.  Proportional Plus Multiple Resonant Controller 
As shown in Section II, three-level modulation of a control 
function offers a gain GM at the fundamental frequency Ȧo.
Similarly at other harmonic components, ex., 3rd , 5th etc. also, 
modulation yields a finite gain. This leads to error in tracking 
fundamental component and its harmonics in reference shunt 
current. It is proposed to pass the error through a proportional 
plus multiple resonant controllers as shown in Fig. 5. The con-
trollers are tuned close to these frequencies to minimize the 
component of error at fundamental frequency and its harmon-
ics [1]-[3]. The 3rd harmonic component of the load is com-
pensated owing to the cancellation of triplen harmonics in 
three-phase, 5th and 7th harmonic is compensated using reso-
nant controller tuned at these frequencies. Balancing and unity 
power factor is achieved using resonant controller tuned at the 
fundamental frequency. The ideal structure of the controller in 
frequency domain is written as 
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where kp is the proportional gain and k1, k5 and k7,are the reso-
nant controller gains at fundamental, 5th and 7th harmonic re-
spectively, Ȧr is the fundamental resonant frequency. How-
ever, the controller (6) is highly selective with respect to the 
particular frequency, to be compensated and requires accurate 
estimate of the frequencies. Any deviation of resonant fre-
quency from the frequency to be compensated looses the 
resonant property. Therefore in order to avoid this problem a 
band resonant controller may be used as follows, [1], 
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where, Ȧd represents the damping frequency for the ideal 
resonant controllers. Positive value of the damping frequency 
introduces high gain for the band of frequencies around the 
resonant frequency Ȧr and its harmonics. Fig. 6 shows the 
frequency response of the proportional plus multiple resonant 
controller (7) for kp = 1.0, k1 = 10, k5 = 4.0 k7 = 3.0, Ȧd =2.5 
rad/s and Ȧr = 314 rad/sec (for the fundamental frequency of 
50 Hz). The controller provides high gain at the resonant fre-
quencies to compensate the error component at the corre-
sponding frequency. The fundamental resonant frequency Ȧr
should be continuously updated using the current estimates of 
the fundamental frequency Ȧo. A band of high gain around the 
resonant frequency may be seen in Fig. 6, showing that the 
controller is effective even if there is a small variation in the 
tuning of controller due the frequency estimation error. The 
phase characteristics at these frequencies suffer a phase shift 
of 180º. This deteriorates the transient performance and makes 
the convergence sluggish. Both magnitude and phase charac-
teristics are governed by the proportional gain kp at other fre-
quencies. 
Fig. 6. Frequency response of multiple resonant controller.
Consider a delay of half the switching period. Then the 
switching delay is represented by a first order lag transfer 
function Gd(s) = 1/(1+s/2fc), where fc is the switching fre-
quency in hertz. The loop transfer function of the system 
shown in Fig. 5 may be obtained using (2), (5) and (7) as  
)()()()( sGsGsGGsL dcM              (8) 
The transfer function G(s) and Gd(s) may be calculated 
using data given in Table I, Gc(s) is considered same as 
obtained above and GM is obtained using (2). The equivalent 
dc link voltage appearing in the secondry side of the 
transformer is obtained by multiplying Vdc with transformer 
voltage ratio. Therefore gain GM is calculated as                 
(1.2×11)/0.005 = 2640. Fig. 7 shows the Bode plot of the loop 
transfer function (8). 
Fig. 7. Bode plot of the loop transfer function. 
High gains are observed at resonant frequencies from Fig. 
7. The gain and phase margins are infinity and 20.3q
respectively. This implies the stability of closed loop system 
for tracking the reference. 
IV.  PERFORMANCE EVLUATION OF SHUNT ACTIVE POWER FIL-
TER
A.  Compensating Non-linear, Unbalanced and Reactive 
Component of Load 
In this section shunt active power filter is used to compen-
sate for nonlinear and unbalanced load. Compensator is also 
required to support the reactive component of the load to 
mitigate the poor load power factor. 
Reference shunt currents for three phases ish refk,, k = a,b,c
are determined using the following equations, [7] as 
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where ilk and vtk, are load currents and PCC terminal voltages 
respectively for the three phases and 
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plav in (9) is the average load power that is obtained by a 
moving average filter using continuous measurement of 
instantaneous power given by 
lctclbtblatal ivivivp              (10) 
Note that the PCC terminal voltages vtk, k = a,b,c, used in (9), 
are the fundamental frequency components of the terminal 
voltages that are extracted from the measurement of the actual 
voltages [6], [7]. 
The objective of pdc in (9) is to hold the average dc voltage 
Vdcav constant and equal to Vdcref , by extracting the real power 
from ac system, and hence the dc control loop is given by 
³ dteKeKp idcpdcdc             (11) 
where Kpdc and Kidc are the proportional and integral gains 
respectively. The error e between the reference dc voltage and 
the average dc voltage is given as 
avdcrefdc VVe                 (12) 
where Vdc av is the average dc voltage across the common dc 
link capacitor Cdc.
Example 1: The parameters of the system are given in 
Table I. The unbalanced linear load is given by 
mHLRmHL
RmHLR
lclclb
lblala
0.400,0.100,0.600
,0.150,0.200,0.50
 :  
:  : 
In addition the load contains a 3-phase rectifier bridge supply-
ing a load of 100 : and 400 mH. The PI parameters of dc 
voltage control loop (11) are chosen as Kpdc = 0.08 and       
Kidc = 0.25 sec-1.
The simulation is performed in PSCAD/EMTDC simula-
tion package (version 3.0.7). The complimentary switches of 
the same arm of the H-bridges are gated through the dead-
time delay of 5.0 Psec.
The total harmonic distortion (THD) in the source current 
for uncompensated system is 10.8%. The three-phase currents 
are unbalanced with poor power factor. It is desired to bring 
down the THD in source current to be within acceptable limits 
with good tracking of fundamental component while balanc-
ing the three-phase source currents. The steady state perform-
ance of the compensator is discussed below. 
Three-phase load currents are shown in Fig. 8, that is hav-
ing a THD of 17.5%. The compensated source currents are 
shown in Fig. 9. 
Fig. 8. Three-phase load current that is unbalanced and carrying nonlinear and 
reactive components. 
The source currents are balanced with THD improved to 
1.4% using P + multiple resonant controller discussed in Sec-
tion III-B. The controllers are tuned near to the corresponding 
resonant frequencies with 2.0% error in frequency estimates. 
Improvement in THD varies between 1.2% and 2.0%, depend-
ing upon the closeness of the frequency estimates to the exact 
value. Similarly the individual 5th and 7th harmonics is com-
pensated between 0% and 1%. The tuning of resonant control-
ler near fundamental frequency leads to maximum error of 1% 
for tracking of fundamental component of shunt current. This 
leads to near unity power factor operation as shown in Fig. 10. 
The source current (scaled 100 times the actual value for clar-
ity) is shown in phase with the terminal voltage for phase-a. 
Fig. 9. Three-phase compensated source current that is balanced, free from 
nonlinear and reactive components. 
Fig. 10. Near unity power factor operation for phase-a. 
Transient characteristics for tracking shunt current for 
phase-a is shown in Fig. 11. Sluggish tracking performance is 
due to the use of multiple resonant controllers. The current 
magnitude is 85.0 A (rms).  
Fig. 11. Transient characteristics for tracking shunt current for phase-a. 
Fig. 12. Inverter output voltage for phase-a. 
The 3-level inverter output voltage for the phase-a is 
shown in Fig. 12. The other two-phases have similar charac-
teristics as those for phase-a shown in Figs. 10 to 12. Fig. 13 
shows the convergence of common dc-link voltage to 1.2 kV.
Fig. 13. dc link voltage convergence. 
B.  Compensating Harmonic Components of Load 
In this section shunt active power filter is used to compen-
sate harmonic components of load only. Reference shunt cur-
rents are generated as shown in Fig. 14, [10]. The 3-phase 
load currents are transformed using abc-dq0 transformation, 
synchronized at the fundamental frequency. The transformed 
dc quantities are passed through the high pass 2nd order but-
terworth filter (HPF) to eliminate the component at fundamen-
tal frequency. The leftover harmonic components are recov-
ered using dq0-abc transformation. Resulting reference shunt 
currents are derived by adding loss components of dc-control 
loop, obtained by substituting plav only in (9). 
Fig. 14. Reference generation using dq-transformation. 
Example 2: The parameters of the system considered in 
this example is same as that used in Example 1. However 
transformer kVA rating is reduced to 130 kVA with same 
voltage ratio and percent leakage impedance. The net 
interfacing inductance Lsh = 60.0 mH is contributed by the 
transformer itself and there is no need to connect any shunt 
inductance in this case. The linear load is balanced and given 
by Rl = 50.0 ȍ and Ll = 200.0 mH, for each phase. Nonlinear 
load is also same as considered in Example 1. Multiple 
resonant controller (7) is tuned near 5th and 7th harmonics 
only. 
The maximum improvement in THD of the source current 
observed is 1.1% with the exact estimation of fundamental 
frequency. Fig. 15 shows the tracking performance of the 
shunt current. The shunt current magnitude required to 
compensate the harmonic component is 25.3 A (rms), that is 
less than 1/3rd of the current required in Example 1. This will 
clearly reduce the compensator rating. For harmonic 
compensation only, the reactive component of the load has to 
be supplied by feeder and therefore the source current lags 
behind the terminal voltage as shown in Fig. 16.  
Fig. 15. Shunt current tracking for harmonic compensation for phase-a. 
Fig. 16. Source current lagging behind the terminal voltage for phase-a. 
C.  Compensator ratings and power loss estimation 
In this section compensator rating requirement is discussed 
and power loss is estimated for the active power filter 
discussed in Example 1 and Example 2. 
For the case of Example 1, where active power filter is 
compensating harmonic components, unbalancing and 
reactive power, the compensator rating is considered to be 
1200 kVA for three-phases, obtained from actual volatges and 
currents of the compensator. The maximum compensated load 
is 3.0 MVA. Therefore the compensator rating required is 
arround 40% of the compensated load. Transformer losses are 
charecterized by fixed core loss and load dependent copper 
loss. Core loss is assigned 0.25% and the copper loss is 
represented by a resistance of 1.5125 : (equivalent to 0.5% 
per transformer given in Table I). In order to estimate inverter 
losses, the data of the switching devices, i.e., IGBT and anti-
parallel diode given in Table II are considered. Inverter losses 
are also divided into two categories, i.e. conduction loss and 
switching loss in both the devices [11]. Conduction loss is 
calculated using the actual currents flowing through the IGBT 
and anti-parallel diodes during the conduction period of the 
devices. Calculation of conduction loss requires values of 
IGBT collector-emitter saturation voltage drop VCE(sat) and 
diode forward voltage drop VEC, both given in Table II. 
Switching loss is estimated from the inverter full load condi-
tions and for fixed switching frequency of 3.0 kHz [8], [11]. 
Switching loss comprises of IGBT turn-on plus turn-off losses 
(Psw) and diode reverse recovery loss (Prr) obtained using fol-
lowing expressions: 
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where, tsw(on) and tsw(off) are the IGBT turn-on and turn-off 
times respectively, Isw(pk) is the peak current switched by 
IGBT, Irr and trr are the diode peak reverse recovery current 
and reverse recovery time respectively, VCE(pk) is the peak 
voltage across diode at recovery. Fig. 17 shows the trans-
former loss, inverter loss and total power loss in the 3-phase 
active power filter circuit. After an initial transient the steady 
state power loss settles to about 31.0 kW. About 63% of total 
loss occurs in the transformer and that is dissipated by the 
cooling arrangement in the transformer itself. Separate cool-
ing may be done for the rest 37% losses in the inverter circuit. 
Fig. 17. Power loss estimation in 3-phase active power filter of Example 1. 
For the case of Example 2, where active power filter is 
compensating only harmonic component of load, the 
compensator rating is determined as 390 kVA., while 
compensating the same load. Therefore the compensator 
rating required is arround 13%. This considerably reduces the 
ratings of the components used in the compensator. The per 
unit impedance considered for the transformer is same as 
given in Table I, however kVA rating is reduced as discussed 
in Example 2. The copper loss is represented by a resistance 
of 4.65 :. Using the same data of semiconductor devices as 
given in Table II, power loss is estimated. Fig. 18 shows the 
transformer loss, inverter loss and total power loss for the 
active power filter. Under steady state total power loss is es-
timated as 12.5 kW. However the ratio of percentage losses in 
transformer and inverter circuits is same. There is a significant 
reduction in ratings and power loss as compared to the active 
power filter considered in Example 1. 
Fig. 18. Power loss estimation in 3-phase active power filter of Example 2. 
V.  CONCLUSIONS
Ramp comparison control method with unipolar PWM of 
active power filter yields 3-level inverter output voltage. This 
shifts the spectrum of the terminal voltage to twice the switch-
ing frequency. The modulation also leads to the fixed switch-
ing frequency operation of VSC’s. Use of proportional plus 
multiple resonant controller tuned near fundamental and har-
monic frequencies balances the source currents with im-
provement in both power factor and THD. Compensator rat-
ings and power loss decreases significantly if the active power 
filter is used for harmonic compensation only. Fixed switch-
ing frequency operation simplifies the power loss estimation 
for the active power filters. 
VI.  APPENDIX
TABLE I 
SYSTEM PARAMETERS
Parameters Numerical value 
Source voltage vsk 11.0 kV (L-L) rms 
Feeder impedance Rsk, Lsk 1.0 :, 50.0 mH 
Total shunt inductance Lshk 60.0 mH 
Transformers in shunt 400.0 KVA, 1 kV/11.0 kV 
percentage impedance (0.5 + j2.0)%  
DC link capacitor Cdcki and 
reference voltage Vdc
5000 PF, 1.2 kV  
Carrier amplitude Vtri and 
frequency fc
5.0 V, 3.0 kHz 
TABLE II 
SEMICONDUCTOR DEVICE SPECIFICATIONS
Parameters Numerical value 
Turn-on and turn-off time 0.55 Ps, 1.3 Ps
Collector-emitter saturation 
voltage
3.0 V 
Diode forward voltage, reverse 
recovery current, reverse re-
covery time 
2.5 V, 230 A, 0.15 Ps
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